PURPOSE. The present study aimed to investigate the effects of aA-crystallin on pathologic ocular neovascularization.
I ntraocular angiogenesis is a major cause of vision loss associated with various diseases, such as retinopathy of prematurity (ROP), neovascular age-related macular degeneration (nAMD), and diabetic retinopathy (DR).
1,2 Neovascularization may lead to vitreous hemorrhage, proliferative membranes, and the subsequent induction of visual loss. 3, 4 The occurrence of ocular neovascularization (NV) relies on the balance between proangiogenic (e.g., vascular endothelial growth factor [VEGF] ) and antiangiogenic factors. Pathologic factors such as hypoxia promote the expression of proangiogenic factors, resulting in NV. 5 Therefore, it is important to identify the molecules that regulate NV to facilitate the discovery of effective therapeutic targets.
To date, several target molecules have been identified and characterized. Among these, VEGF and its receptors play major roles in the generation and progression of neovascular ocular diseases. [6] [7] [8] [9] [10] [11] [12] Anti-VEGF treatment can reduce ocular NV and tumor NV; however, resistance occurs during treatment with antiangiogenic therapy. [13] [14] [15] Moreover, anti-VEGF agents might induce local and systemic adverse effects, including ocular inflammation, [16] [17] [18] cardiovascular toxicities, 19 nonocular hemorrhage, and stroke. 20 Further exploration and evaluation of the precise mechanisms of NV are necessary to identify more effective therapeutic targets.
Crystallins primarily serve as the major structural proteins of the ocular lens, and they are categorized into three distinct families: a, b, and c. a-Crystallins can exert a chaperone-like activity, remodel and protect the cytoskeleton, prevent aberrant protein interactions, inhibit apoptosis, and enhance the resistance of cells to stress. [21] [22] [23] a-Crystallin consists of two similar subunits: aA-crystallin (CRYAA) and aB-crystallin. 24 An increasing number of studies have demonstrated that CRYAA exists in the normal retina. [25] [26] [27] [28] and participates in a variety of retinopathies. For example, CRYAA expression has been recently shown to be upregulated in DR 29 and inflammatory eye diseases, 28, 30 as well as during tumor angiogenesis. 31 The role of crystallins in NV has attracted the attention of researchers. bA1/A3-and c-crystallins have been proposed to regulate retinal vascular remodeling during vision system development, 32, 33 while aB-crystallin acts as a modulator of VEGF-A in oxygen-induced retinopathy (OIR) and laser-induced choroidal neovascularization (CNV). 34 aB-crystallin also enhances vascular formation under conditions of tumorigenesis. 35 Several studies 36, 37 have suggested that CRYAA might play an important role in corneal neovascularization by regulating soluble vascular endothelial growth factor receptor 1 (sVEGFR-1) expression. The aim of this study was to investigate the effects of CRYAA on intraocular pathologic neovascularization and to explore the mechanisms underlying this regulation by using CRYAA-knockout mice and CRYAAdepleted human umbilical vein endothelial cells (HUVECs). The results of our study could provide a useful therapeutic strategy for the treatment of NV.
METHODS

Cells and Small Interfering RNA (siRNA) Transfection
The HUVECs used in this study were obtained from the American Type Culture Collection (CRL-1730; Manassas, VA, USA). 38 The HUVECs were cultured in Dulbecco's modified Eagle's Media (DMEM; Hyclone, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS; Hyclone).
To 0 The data were normalized to the housekeeping gene GAPDH, and the results are expressed as the fold change relative to the control. Each experiment was repeated five times.
HUVEC Proliferation Assays
The Cell Counting Kit-8 (CCK-8; Dojindo, Shanghai, China) assay was used to evaluate the effects of CRYAA knockout on proliferation, as shown in previous studies. 39 Briefly, HUVECs (normal cells, normal cells with HiPerFect reagent, cells transfected with NC siRNA, or cells transfected with CRYAA siRNA) were synchronized in DMEM at a density of 1 3 10 4 cells per well in 96-well plates in the absence of FBS for 24, 48, or 72 hours. After the addition of 10 lL CCK-8 to each well, the cells were incubated at 378C for 30 to 60 minutes. The absorbance was measured by using an enzyme-linked immunosorbent assay (ELISA) microplate reader at 450 nm (Finstruments Multiskan Models 347; MTX Lab Systems, Inc., Vienna, VA, USA). Each sample was repeated in five wells, and each experiment was performed at least three times.
HUVEC Migration Assay
To evaluate the effects of CRYAA knockout on cell migration capacity, we used a Transwell system (catalog No. 3422; Corning Life Sciences, Lowell, MA, USA) with a pore size of 8.0 lm, as described previously. 39 Briefly, 2 3 10 4 HUVECs (normal cells or cells transfected with NC or CRYAA siRNA for 24, 48, or 72 hours) in 200 lL serum-free medium were placed in the top chamber of a Transwell system. Afterward, DMEM containing 10% FBS was added to the bottom chamber, resulting in a final volume of 600 lL. All of the migration assays were conducted at 378C for 4 hours. At the end of the assay, the cells were fixed in 4% paraformaldehyde and stained with 4,6-diamidino-2-phenylindole (DAPI; Roche Diagnostics, Indianapolis, IN, USA) for 15 minutes. The cells that had not migrated were removed with a cotton swab, and the membrane was imaged. We selected five random areas from the upper, right, lower, left, and middle regions of the field of view. The cells within those regions were counted and photographed. The total number of cells was also recorded. Each experiment was repeated three times.
Tube Formation Study
Tube formation studies are used to test the ability of endothelial cells to form capillary-like structures. Following the manufacturer's instructions and the protocol described in our previous report, 40 200 
Experimental OIR Model
CRYAA(À/À) and wild-type (WT) mice were used to create an OIR model. The CRYAA(À/À) mice were originally generated at the Qingdao Eye Institute through targeted gene disruption and were maintained in the 129 S6/SvEvTac background. This study adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and was performed in accordance with the guidelines provided by the Animal Care and Use Committee of Peking University.
Retinal neovascularization was induced by using a wellestablished murine model of OIR, as previously reported. 41 Neonatal mouse pups at postnatal day seven (P7) and their nursing mothers were maintained for five days in 75% 6 2% oxygen and were subsequently returned to room air (relative hypoxia) at P12. The mouse eyes were enucleated at P18 (CRYAA(À/À), n ¼ 12; WT, n ¼ 12) to obtain protein extracts.
At P18, murine retinal NV was evaluated by using angiography, as described previously. 40 Briefly, the mice were perfused with fluorescein-dextran-FITC (catalog No. FD; Sigma, St. Louis, MO, USA). The eyes were removed and fixed in 4% paraformaldehyde (PFA) for 30 minutes, and the retinas were flat-mounted by using four peripheral retinal cuts. The retinas were then imaged with fluorescence microscopy. The nonperfused areas were analyzed with ImageJ software (http://imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA), and a ratio was calculated by comparing the nonperfused area to the entire retina. All of the data were analyzed by three individuals, two of whom were completely blinded to the study groups. The average ratio was used for the statistical analyses.
For the retinal section study, retinal NV was evaluated by using paraffin-embedded sections of OIR mouse eyes. P18 mice were killed by intraperitoneal injection of an overdose of sodium pentobarbital. The eyes were enucleated, fixed with 4% PFA in PBS, and embedded in paraffin. The sections were stained with hematoxylin-eosin (HE) to visualize the cell nuclei. Cross-sections that included the optic nerve were not sampled. Three individuals counted the cell nuclei above the internal limiting membrane in blinded fashion.
Laser-Induced CNV Model
Choroidal neovascularization was induced in CRYAA(À/À) and WT mice at 2 weeks postnatally by laser photocoagulation (Coherent 130SL; Coherent, Santa Clara, CA, USA) using the following parameters, as described previously: 532 nm, 150 mW, 100 ms, and 100 lm. 42 Four lesions were created in one eye of each mouse between the retinal vessels in a peripapillary distribution in each fundus. Production of a subretinal bubble at the time of laser treatment confirmed the rupture of Bruch's membrane. The untreated eye was used as a control.
Fluorescein angiography (FA) was performed on day 14 after laser photocoagulation by using a digital imaging system (Phoenix, Pleasanton, CA, USA) as described previously. 43 A volume of 0.03 mL 5% fluorescein (FLUORESCITE Injection; Alcon, Fort Worth, TX, USA) was administered by intraperitoneal injection after the mice were anesthetized, by using the method described above, and FA was performed after pupil dilation. Both early-phase (1 minute after injection) and latephase (five minutes after injection) fundus angiograms were analyzed. Fluorescein angiograms could not be evaluated quantitatively because the CRYAA(À/À) mice developed cataracts on P28.
Histologic analysis and CNV size measurements were performed 14 days after laser photocoagulation, when the globe of the experimental eye was removed and fixed for 24 hours at room temperature. After removal of the anterior segments, the posterior eyecups were embedded in paraffin. Sagittal sections of 6 lm were cut through the center of the eye at the site of laser photocoagulation. The sections were stained with HE and were assessed by light microscopy (LEICA DFC 300FX; Leica, Solms, Germany). A computer-assisted image analysis system was used to estimate NV from the B/C ratio, where B indicates the thickness between the bottom of the pigmented choroidal layer and the top of the neovascular membrane and C indicates the thickness of the intactpigmented choroid next to the lesion. 44 Measurements were performed on four sections from each laser photocoagulation site.
Western Blot Analysis
HUVECs and mouse retinas were used for Western Blot analysis. For the OIR model mice (CRYAA[À/À] and WT), retinal proteins were collected on P18; for the CNV model, the pooled RPE/choroid layers were collected 14 days after laser photocoagulation.
We measured the protein content by using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Equal amounts of protein were separated by 10% SDS-PAGE and were electrophoretically transferred to nitrocellulose membranes (catalog No. IPVH00010; Amersham, Little Chalfont, UK). After blocking, the membranes were incubated with rabbit monoclonal antibodies against phospho-VEGFR2 (1:1000), phospho-Akt (1:1000), phospho-PLCc1 (1:500), phospho-p38 MAPK (1:1000), phospho-FAK (1:1000), phospho-p44/42 MAPK (1:1000), phospho-Src (1:1000) ( 
Statistical Analysis
The data analysis was performed by using Prism 6 statistical software (GraphPad Software, Inc., La Jolla, CA, USA). All of the data are presented as the mean 6 SEM and were evaluated for normality of distribution. Differences were evaluated by using an analysis of variance followed by the Student-Newman-Keuls test for multiple comparisons and Student's t-test for pairwise comparisons. P < 0.05 was considered a statistically significant difference.
RESULTS
Small Interfering RNA Transfection Verification
The RT-PCR analysis showed that CRYAA siRNA successfully inhibited the expression of CRYAA mRNA (Fig. 1A) ; a significant difference in expression was observed, as compared with the normal group, at 24 hours (P < 0.05), 48 hours (P < 0.001), and 72 hours (P < 0.001). Western blot analysis revealed that aA-crystallin protein expression levels were similarly inhibited at 24, 48, and 72 hours (P < 0.01) (Figs.  1B, 1C show the results at 48 hours). Thus, CRYAA siRNA could inhibit gene transcription and protein expression.
CRYAA siRNA Inhibited HUVEC Proliferation, Migration, and Tube Formation A CCK-8 Assay Kit was used to evaluate the effects of CRYAA knockdown on cell proliferation in vitro, as described in the Methods section. The results showed that CRYAA siRNA inhibited HUVEC proliferation at 48 and 72 hours as compared with the control (P < 0.001 and P < 0.01, respectively) and NC groups (P < 0.01 and P < 0.05, respectively; Fig. 2 ). No significant difference was observed at 24 hours (P > 0.05).
We also investigated whether CRYAA knockout inhibited HUVEC migration, which is an important step in vessel formation. As shown in Figure 3 , the numbers of cells that passed through the membrane in the CRYAA siRNA-treated HUVEC groups were significantly lower than those in the control and NC groups at 48 hours (P < 0.001) and 72 hours (P < 0.001) (Fig. 3A) .
Additionally, a Matrigel assay was performed to examine tube formation and thereby evaluate the angiogenic ability of endothelial cells in vitro. In our study, the capacity of CRYAA siRNA-treated HUVECs to form a regular network was impaired (Figs. 4B-D) . Statistical analyses were performed on the number of closed tubes, which represented angiogenic capacity, and the results showed that CRYAA siRNA inhibited HUVEC tube formation, as compared with the control group at 48 hours (P < 0.001) and 72 hours (P < 0.001) (Fig. 4A) . hours. All of the results were compared with the control group (10% FBS-containing culture medium treatment group), and the results are expressed as the fold changes. Real-time PCR analyses were repeated five times, and Western blot analyses were repeated three times; qualitatively similar results were obtained for each replicate. The data are presented as the mean 6 SEM. *P < 0.05; **P < 0.01; and ***P < 0.001. CRYAA knockdown significantly inhibited HUVEC proliferation in general culture medium at all of the time points, except at 24 hours. Each sample was repeated in five wells, and each experiment was repeated at least three times. *P < 0.05; **P < 0.01; and ***P < 0.001. 
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Effects of CRYAA Knockdown on VEGF Secretion
CRYAA siRNA-treated HUVECs showed a decrease in VEGF secretion at 48 and 72 hours. As shown in Figure 5 , after treatment with CRYAA siRNA for 48 and 72 hours, VEGF was downregulated as compared with its level in the normal controls (P < 0.001). However, after treatment for 24 hours, the CRYAA siRNA-treated group did not show a significantly different level of VEGF secretion, compared with the normal control group (Fig. 5 ).
CRYAA siRNA Induced HUVEC Apoptosis
Early and late apoptosis in HUVECs peaked at 48 and 72 hours after CRYAA knockdown. As shown in Figure 6 , treatment with CRYAA siRNA for 48 and 72 hours led to a significantly higher percentage of apoptotic cells (URþLR) as compared with the normal control or NC groups (48 hours, P < 0.01; 72 hours, P < 0.05; Fig. 6A ). The levels of cleaved caspase-9 and caspase-3 were found to increase in our study. In vitro, HUVECs were incubated with siRNA for 24, 48, and 72 hours. The levels of cleaved caspase-9 ( Fig. 7A) and caspase-3 (Fig. 7B) increased at 48 hours (P < 0.001) and 72 hours (P < 0.001). No significant differences in b-actin concentrations were observed. In vivo, cleaved caspase-9 and caspase-3 were increased in CRYAA(-/-) mice and in both the OIR (P < 0.001) and CNV models (P < 0.001) (Figs.  7A, 7B) , without significant changes in b-actin expression.
Attenuation of Retinal Neovascularization in the CRYAA(-/-) Murine OIR Model
CRYAA knockout led to an increase in the nonperfusion area in the CRYAA(-/-) murine OIR model (Fig. 8) . The results indicated that CRYAA knockout markedly increased the avascular area in the retina at P18 in the murine OIR model (P < 0.001), and vascular leakage was reduced (Figs. 8A, 8C , 8E). The ratio of the nonperfused area to the entire retina in the WT normal exposure mouse group was 2.92% 6 0.18%; in the CRYAA(-/-) normal exposure group, the ratio was 2.54% 6 0.16%; in the WT OIR group, the ratio was 21.03% 6 0.49%; and in the CRYAA(-/-) OIR group, the ratio was 32.37% 6 1.81% (Fig. 8A) . Retinal neovascularization, as represented by endothelial cell nuclei protruding into the vitreous cavity (neovascular nuclei), was decreased in the CRYAA(-/-) mice (Fig. 9) . As shown in Figure 9 , the average numbers of neovascular nuclei were 23.13 6 1.52 in the WT mouse eyes exposed to hyperoxia (n ¼ 14) and 10.19 6 0.57 in CRYAA(-/-) eyes (n ¼ 16) (Fig. 9A) . These data indicated a significant reduction in NV when CRYAA was depleted (P < 0.001; Figs. 9B, 9C).
Choroidal Neovascularization Suppression in the CRYAA(-/-) Murine CNV Model
Histologic CNV sections from 10 WT and 10 CRYAA-deficient mice demonstrated the attenuation of NV. Representative light micrographs of HE-stained sections of the posterior segment showed evidence of NV and proliferative membranes in the middle of the laser lesion. As shown in Figure 10 , invasion decreased in the retina surrounding the laser scars in CRYAA(-/-) mice (B/C ratio of 1.49 6 0.04) compared to the WT group (B/C ratio of 2.67 6 0.04) (Figs. 10C, 10D ). There were significant differences in the B/C ratio between the CRYAA(-/-) group and the controls (P < 0.001).
Choroidal neovascularization leakage measurements in murine retinas were performed by using FA to determine whether CRYAA knockout inhibited CNV. At 14 days after laserinduced CNV, cataracts had developed in the CRYAA(-/-) group, as shown by FA (Supplementary Fig. 1D ). Fundus could not be seen, although leakage could be observed at the lesion site in WT mice (Supplementary Fig. 1 ). However, this difference could not be evaluated quantitatively.
CRYAA Knockout Inhibited VEGF Secretion by HUVECs and in the Murine OIR and CNV Models
Vascular endothelial growth factor is the most important growth factor in the pathology of retinal diseases, and its secretion was found to be decreased by CRYAA siRNA in vitro. To determine whether CRYAA siRNA modulated the expression of VEGF, Western blot analysis was performed. The results showed that at 48 and 72 hours, VEGF secretion was attenuated by CRYAA knockout (Fig. 11 shows the results at 48 hours). In the OIR and CNV murine models, VEGF FIGURE 7. The levels of cleaved caspase-9 and caspase-3 increased in CRYAA siRNA-transfected HUVECs and in the CRYAA(À/À) OIR and CNV mouse models. Left: Statistical analyses (A, B) of cleaved caspase-9 and caspase-3; Right: Immunoblot images of increased cleaved caspase-9 and caspase-3 levels in vitro and in vivo after CRYAA knockout. Western blot analyses were repeated three times, and qualitatively similar results were obtained for each replicate. The data are presented as above. ***P < 0.001. concentrations decreased significantly in CRYAA(-/-) mice (Fig. 11) .
CRYAA Knockout Inhibited VEGFR2-Induced AKT, PLCc1, FAK, Src, p44/42 MAPK, and p38 MAPK Phosphorylation in HUVECs and in the Murine OIR and CNV Models
The phosphorylation levels of VEGFR2, AKT, PLCc1, FAK, Src, p44/42 MAPK, and p38 MAPK were found to be inhibited in our study. In vitro, HUVECs were incubated with siRNA for 24, 48, or 72 hours. The levels of p-VEGFR2, p-AKT, p-PLCc1, p-FAK, p-Src, p-p44/42, and p-p38 MAPK were reduced at both 48 hours (P < 0.001) (Fig. 12 ) and 72 hours (P < 0.001), while the levels of total VEGFR2, AKT, PLCc1, FAK, Src, p44/42, and p38 MAPK were not significantly different. In vivo, p-VEGFR2, p-AKT, p-PLCc1, p-FAK, p-Src, p-p44/42, and p-p38 MAPK were suppressed in both the CRYAA(-/-) OIR and CNV models at both 48 hours (P < 0.001; Fig. 12 ) and 72 hours (P < 0.001), without significant changes in the levels of total VEGFR2, AKT, PLCc1, FAK, Src, p44/42, or p38 MAPK (Fig. 12) .
The Mechanism of CRYAA Action on NV via the VEGF Signaling Pathway CRYAA knockout could downregulate the expression of VEGF, and downstream of VEGF, the phosphorylation of VEGFR2, AKT, PLCc1, FAK, Src, p44/42 MAPK, and p38 MAPK was found to be decreased after CRYAA knockout (Fig. 13) .
DISCUSSION
aA-crystallin is a major structural protein in the lens; it accounts for nearly 40% of the total protein in the lens and is required for the maintenance of lens transparency. 45 Studies of aA-crystallin have mainly focused on lens diseases, such as agerelated cataracts and congenital cataracts. 46, 47 In 2003, Xi et al. 27 demonstrated the expression of 20 different lens proteins, using gene chips and quantitative PCR in the mouse retina. The study found for the first time that the expression of crystallins could be observed in retinal nuclear layers and retinal ganglion cells in the absence of any external stress. Changes in the expression profiles of crystallins during development and aging strongly argue in favor of their significance in maintaining homeostasis in the retina. 48 An increasing number of studies have demonstrated that aA-crystallin is associated with a variety of retinal diseases, including AMD, 49 autoimmune uveitis, 50 optic nerve injury, 51 and diabetic retinal disease. 52 It has also been demonstrated that aA-crystallin might influence corneal NV. 31, 36 The specific action of aA-crystallin on retinal NV has remained unclear. Our research attempted to use CRYAA siRNA and CRYAA-knockout mice to determine its effects both in vitro and in vivo. The results have six direct implications. First, the loss of aA-crystallin could significantly inhibit the proliferation, migration, and tube formation of HUVECs. Second, knockdown of aA-crystallin could increase the apoptosis rate of HUVECs. Third, the pathologic NV of CRYAA(À/À) mice was inhibited in both the OIR and CNV models. Fourth, VEGF expression was downregulated in both HUVECs and the two murine models after the loss of aAcrystallin expression. Fifth, the reduction of aA-crystallin resulted in higher levels of cleaved caspase-9 and caspase-3 both in vitro and in vivo. Finally, the phosphorylation of VEGFR2 and its downstream signaling pathway, including AKT, PLCc1, FAK, Src, p44/p42 MAPK, and p38 MAPK, decreased both in vitro and in vivo after CRYAA knockout.
A previous study has demonstrated that aB-crystallin affects neither upstream Hif-1a signals nor downstream VEGFR2 signals, and only VEGF-A expression is altered. 35 As a result, researchers have attempted to explore the direct association between aB-crystallin and VEGF-A by means of coimmunoprecipitation. However, in our study, knockout of aA-crystallin decreased not only the expression of VEGF but also the phosphorylation of VEGFR2 and its downstream effectors. In other words, aA-crystallin could upregulate the expression of VEGF; downstream of VEGF, the phosphorylation levels of VEGFR2, AKT, PLCc1, FAK, Src, p44/42 MAPK, and p38 MAPK were increased by the synergistic effect of aA-crystallin, as shown in Figure 13 .
The process of angiogenesis is complex and includes endothelial cell proliferation, migration, invasion, basement membrane degeneration, and new tube formation from existing blood vessels. 53 Vascular endothelial growth factor is one of the most important proangiogenic molecules owing to its regulation of the angiogenic process. Signals mediated by VEGF are mainly mobilized by its interaction with VEGFR2. Then, its downstream intermediaries are activated, including Src kinase, FAK, and its substrate paxillin. 54 The binding of VEGF to VEGFR2 also results in tyrosine phosphorylation and the activation of PI3K, followed by the activation of AKT, the intracellular Ca2þ chelator PLCc1, and two members of the MAPK family (p42/p44 MAPK [Erk1/2], p38 MAPK), which regulate endothelial cell survival, proliferation, and migration. 55, 56 To define the effects of CRYAA on VEGF-signaling cascades, we tested the effects of CRYAA on the VEGFR2, AKT, p38 MAPK, PLCc1, p38 MAPK, Src, FAK, and p44/p42 MAPK pathways, which have been linked to vascular cell survival, proliferation, migration, and vascularization. [54] [55] [56] Our results demonstrated that knockout of CRYAA significantly reduced FIGURE 12 . The phosphorylation of VEGFR2, AKT, PLCc1, p38 MAPK, FAK, Src, and p44/p42 MAPK is reduced in CRYAA siRNA-transfected HUVECs and in the OIR and CNV models of CRYAA(À/À) mice. Left: Statistical analyses of (A-G) p-VEGFR2, p-AKT, p-PLCc1, p-p38 MAPK, FAK, Src, and p44/p42 MAPK. Right: (A-G) Immunoblot images of decreased p-VEGFR2, p-AKT, p-PLCc1, and p-p38 levels in vitro and in vivo after CRYAA knockout. Western blot analyses were repeated three times, and qualitatively similar results were obtained for each replicate. The data are presented as above. **P < 0.01 and ***P < 0.001. the phosphorylation levels of VEGFR2, AKT, PLCc1, p38 MAPK, Src, FAK, and p44/p42 MAPK in HUVECs and in the OIR and CNV models. However, the expression of VEGFR2, AKT, PLCc1, p38 MAPK, Src, FAK, and p44/p42 MAPK showed no significant alterations. Thus, CRYAA is likely to synergize not only with VEGF but also with the downstream signaling pathway of VEGFR2, thus altering the phosphorylation levels of VEGFR2, AKT, PLCc1, p38 MAPK, Src, FAK, and p44/p42 MAPK.
We performed experiments to determine how aA-crystallin altered NV in vivo by using CRYAA(À/À) murine OIR and CNV models. Angiography revealed a prominent decrease in neovessels, and histopathology revealed markedly reduced neovascular tufts in CRYAA(À/À) OIR murine retinas. In the CNV model, analysis of histologic CNV sections showed reduced CNV volumes. It was striking that NV was significantly attenuated in CRYAA(À/À) mice in two distinct models. To our knowledge, the finding that NV was significantly attenuated in CRYAA(À/À) mice is novel.
In addition, we discovered that the CRYAA(À/À) murine OIR model exhibited a larger nonperfusion area. We believe that depletion of CRYAA had large suppressive effects on vascularization; thus, normal vascular growth was inhibited to some extent in CRYAA(À/À) mice. For potential clinical applications, the dose required to specifically inhibit pathologic NV instead of normal vascularization should be evaluated more precisely.
In vitro, HUVEC functions that play crucial roles in NV were inhibited to some extent, including VEGF-dependent proliferation, migration, and tube formation. Additionally, the level of apoptosis was increased, which corresponded with the previously mentioned protective effects of CRYAA. 57 The intrinsic apoptosis pathway is mainly regulated by Bcl-2 family members, 58 which regulate mitochondrial outer membrane permeabilization to promote the release of cytochrome C (cytC) and other apoptotic molecules. In the cytosol, cytC, Apaf1, and procaspase-9 are assembled into the apoptosome to activate downstream effector caspases 3, 6, and 7, leading to cellular component degradation and cell death. 59 Caspase-9 and caspase-3 are the two major apoptosis regulators. 60 Our study assumed that the high apoptosis rate of the CRYAA(À/À) group might be due to the activation of caspase-9 and caspase-3. However, HUVECs are derived from umbilical veins, which are large vessels. Therefore, they cannot completely represent intraocular NV, which principally affects the capillaries. This was a limitation of our research. Further experiments on retinal vascular endothelial cells should be performed in the future.
In conclusion, the main finding of these studies is 2-fold: (1) Knockout of CRYAA could inhibit survival and angiogenesis signals both in vitro and in vivo, suggesting that CRYAA might be a potential target for the treatment of angiogenesis-related diseases. (2) CRYAA knockout strongly inhibited VEGF-induced vascularization by downregulating VEGF secretion and blocking VEGFR2, AKT, PLCc1, p38 MAPK, FAK, Src, and p42/p44 MAPK phosphorylation both in vitro and in vivo. In addition, CRYAA knockout could induce the cleavage of caspase-9 and caspase-3, leading to apoptosis. Further studies are needed to determine whether a CRYAA antagonist could be safely used in human newborns and to clarify the timing and dose required to provide the safest and most efficacious treatment for human infant ROP and CNV.
